and systemic CAMs, and formed erythrocyte-rich thrombi. Conclusion: Elevated CAM expression was identified in mice with pneumonia, but not lung contusion, indicating that the type of inflammatory stimulus and the presence of infection drive the vein-wall response. Elevation of CAMs was associated with amplified VT and may represent an alternate mechanism by which to target the prevention of VT.
Gram
and normal pulmonary defense. Venous thrombus initiation is dependent upon leukocyte rolling and firm adhesion via Pselectin (P-sel), E-sel and the recently described intracellular-adhesion molecule-1 (ICAM-1) [6] [7] [8] . ICAM-1 has been shown to play a critical role in innate pulmonary defense, mediating leukocyte transmigration across endothelial and alveolar epithelial cells, and the host response to Klebsiella infection [9, 10] .
Early polymorphonuclear neutrophil (PMN) cell activation is a hallmark of both diseases. Activated PMNs have both procoagulant and antimicrobial functions via the release of elastase and cathepsin G, which degrade tissue factor pathway inhibitor (TFPI) [11] , and also of nuclear material to form neutrophil extracellular traps (NETs) [12] . NETs have been implicated as an important mammalian defense mechanism against bacteria [13] , and are elevated in experimental Klebsiella pneumonia [14] and venous thrombosis (VT) [15, 16] . A critical process involved with NETosis is the citrullination of histone H 3 [17] . Mice lacking NETs have smaller nonstasis thrombi [16] .
Gram-negative pneumonias make up a majority of hospital-acquired pneumonia. Klebsiella is an important pathogen in this group and is particularly associated with high mortality. In a report published in 2008, out of 5,960 VAP infections, Klebsiella pneumoniae was among the top 5 most common pathogens (446 cases) [18] . Given the clinical precedent, we hypothesized that Gram-negative pneumonia would confer an increase in the early venous thrombogenic response. Here, we characterize the circulating and vein-wall response to pneumonia and to lung injury without infection. For the first time, we combine well-defined animal models of pneumonia and VT to demonstrate amplified VT in the setting of pneumonia.
Methods

Animals
Male mice [C57BL/6, 20-25 g, wild-type (WT), Charles River Breeding Laboratories, Wilmington, Mass., USA] were used for all studies. All animals were housed within the Unit for Laboratory Animal Medicine, which is an AAALAC internationally accredited facility at the University of Michigan. All animal protocols were approved by the University of Michigan Committee for the Use and Care of Animals.
Lung Contusion Mouse Model
Lung contusion (LC) was induced in anesthetized WT mice as described previously [19] . Briefly, after induction of anesthesia, the mouse was placed in a left lateral position and, using a cortical contusion impactor, the right chest was struck along the posterior axillary line 1.3 cm above the costal margin using a velocity of 5.8 m/s adjusted to a depth of 10 mm. Mice were then allowed to recover spontaneously. Mice were euthanized at 24 and 48 h after LC, plasma and IVC were snap-frozen in liquid nitrogen for analysis. Control mice did not undergo LC.
Klebsiella Pneumonia Mouse Model
WT C57BL/6 mice were subjected to intratracheal (i.t.) inoculation with K. pneumoniae (LD 50 : 1 × 10 3 CFU; strain 43816, serotype 2, ATTC) or equal volume of sterile saline (0.9% normal or PBS, as indicated) [20] [21] [22] . Mice were euthanized at various time points with identical specimen-processing to LC mice.
Klebsiella Pneumonia Mouse Model of VT
Following the measurement of circulating CAM levels, K. pneumoniae (1 × 10 3 CFU) or vehicle (sterile saline at equal volume i.t.) was administered 24 h prior to VT to correspond with peak circulating CAM levels ( fig. 1-3 ). VT was formed by generating stasis blood flow by IVC ligation [23] [24] [25] . Mice were anesthetized via 2% inhaled isoflurane and midline laparotomy was performed. Venous side and dorsal branches were interrupted, and the infrarenal IVC was ligated with 7-0 prolene sutures (Ethicon Inc., Somerville, N.J., USA) to generate stasis thrombosis. Fascia and skin were secured with 5-0 vicryl sutures and mice recovered under a warming lamp. Mice were euthanized 2 h after IVC ligation to coincide with initial solid VT formation, and corresponding to the thrombogenesis rather than resolution process [15] . Prior to processing, the IVC and thrombus were measured (centimeters) and weighed (grams) en bloc as well as separately, and then snapfrozen in liquid nitrogen. Plasma, as appropriate for the assay, was collected in EDTA and snap-frozen for later analysis.
Inhibitor Studies ICAM-1 interactions with the activated lymphocyte associated antigen-1 (LFA-1) receptor were inhibited using the cIBR peptide, a cyclic peptide inhibitor derived from residues 1-21 of the domain I N-terminus of ICAM-1 [26] . WT C57/BL6 mice were subjected to i.p. cIBR 12 h before surgery and redosed at the completion of surgery (150 μg/150 μl, Siahaan lab).
Selectins were similarly inhibited with GMI-1070 (10 mg/kg administered 12 h prior, at the time of surgery completion, Glycomimetics, Rockville, Md., USA). GMI-1070 is a pan-selectin inhibitor designed to mimic the bioactive conformation of the sialyl Lex carbohydrate-binding domain of E-sel and the sulfate interactions of P-sel and L-sel. GMI-1070 has primary activity against E-sel, with second and tertiary activity against P-sel and L-sel [27] .
Enzyme-Linked Immunosorbance Assay
Thrombi and vein wall were homogenized, sonicated, and then centrifuged at 13,200 g for 30 min. The supernatant was collected for ELISA analysis. Vein wall and thrombus P-sel, E-sel, ICAM-1 and VCAM-1 (DuoSet ELISAs, R&D Systems, Minneapolis, Minn., USA), circulating soluble (s)P-sel, sE-sel, sICAM-1 and sVCAM-1 (Quantikine ELISA, R&D Systems) and thrombin-antithrombin (TAT) complex (My BioSource, San Diego, Calif., 188 USA) were quantified using commercially available kits according to the manufacturer's instructions and measured on a BioTek Synergy 2 plate reader (Winooski, Vt., USA) at 450 nm.
Western Blots
Protein was isolated from IVC segments or thrombus using RIPA buffer (ThermoScientific, Rockford, Ill., USA) with dissolved cOmplete ULTRA mini tablets (Roche, Mannheim, Germany). Proteins were electrophoretically separated on NuPAGE 4-12% Bis Tris gels (Invitrogen, Carlsbad, Calif., USA) and blotted onto PVDF membranes (Millipore, Billerica, Mass., USA). Nonspecific binding was blocked with starting block (TBS) blocking buffer (ThermoScientific). Antibodies used included: anti-H 3 -Cit (1/500 dil., Abcam, Cambridge, Mass., USA), anti-cathepsin G (1/20,000 dil., Novus, Littleton, Colo., USA), anti-TFPI (2 μg/ml dil., Novus), anti-GAPDH (1/1,000 dil., Santa Cruz, Dallas, Tex., USA), anti-fibrin (clone 59D8, 1/1,000 dil., a gift from Dr. Charles Esmon, Oklahoma Medical Research Foundation, Oklahoma City) [25] . Immunoreactive bands were visualized with SuperSignal West Pico.
Chemiluminescent Substrate (ThermoScientific) and densitometry was performed using Image J software. Optical densities were summed and normalized to GAPDH.
Thrombus Lysate Red Blood Cell Content
Thrombus lysate was diluted with 20 m M sodium phosphate at pH 7.4 and 150 m M NaCl (PBS) by 10-fold. Absorbance was measured at 575 nm as previously described to reflect red blood cell (RBC) mass [25] .
Statistical Analysis
All data are represented as mean ± standard deviation (SD). Paired Student's 2-tailed t test or one-way ANOVA with Dunnett's multiple comparisons, as appropriate, were used to evaluate differences amongst experimental groups and controls (GraphPad Prism v6.01, San Diego, Calif., USA). p < 0.05 was considered significant. Independent statistical review, numbers needed for significance and protocols were used to determine animal numbers (n). A power of 80% and α = 0.05 requires n = 5 for immunologic tests.
Results
Klebsiella Pneumonia, but Not Sterile Pulmonary Injury, Increases Circulating Cell Adhesion Molecules
Circulating levels of CAMs were measured at various time points after K. pneumoniae inoculation or LC . Controls were treated with i.t. saline (PBS, Klebsiella group) or were left uninjured (LC). Time points were chosen per typical time course of insult [21] [22] [23] [24] [25] 28] . K. pneumoniae infection, administered via i.t. injection ( fig. 1 a) , increased all p = n.s.) were measured. Concurrently, vein-wall P-sel ( d , n = 6, PBS vs. 48 h p < 0.001) and E-sel ( e , n = 4-6, all p = n.s.) were quantified via ELISA. Compared to pulmonary injury from pneumonia, sterile lung injury ( f , induction of LC) did not induce changes in circulating ( g , h , n = 5-6, all p = n.s.) or vein-wall selectins ( i , j , n = 5-6, p = n.s.). *** p ≤ 0.001; **** p ≤ 0.0001. 
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circulating levels of sP-sel by >2-fold (p < 0.001), but not levels of sE-sel, ( fig. 1 b, c) compared with saline controls at 24 and 48 h following inoculation. Vein-wall P-sel decreased by 21-fold over time, reaching a nadir at 48 h (p < 0.001), corresponding to the time of maximal circulating P-sel ( fig. 1 d) . Similar to plasma E-sel, vein-wall E-sel levels were not significantly altered in the mice with pneumonia ( fig. 1 e) . Mice undergoing LC served as a comparison group with pulmonary inflammation but without infection; they had similar plasma and veinwall levels of P-sel and E-sel when compared to noninjured controls ( fig. 1 g, h) .
Given that ICAM-1 has recently been shown to contribute to microvascular VT model [8] , we chose to further examine ICAM-1 and VCAM-1 in the Klebsiella model ( fig. 2 ) . Experimentally, the contribution of VCAM-1 to the development of VT is unclear, although limited human data suggests that it is elevated during in vivo thrombosis [29, 30] . Similar to P-sel, plasma sICAM-1 elevation of 2.1-fold (p = 0.0028; fig. 2 a) occurred concomitantly with a 6.6-fold decrease of veinwall protein (p = 0.0320; fig. 2 c) . Moderate elevations were observed in circulating sVCAM-1 late ( fig. 2 b) and in the vein wall at the mid-time point ( fig. 2 d) .
VT and Postthrombotic Circulating CAMs Amplified during Active Pneumonia
Thrombus size was measured to quantify the effects of remote pulmonary infection on venous thrombogenesis. Total thrombus weight (thrombus + IVC wall) and isolated thrombus weight (thrombus only) were measured. In mice infected with Klebsiella , levels of circulating sP-sel ( fig. 1 b) and sICAM-1 ( fig. 2 a) were highest at 24 h after inoculation, therefore we chose to induce VT via IVC ligation ( fig. 3 a) at this time point. A schematic of the experimental design is illustrated in figure 3 b. An early time point of 2 h postthrombosis was chosen to examine the effect of pneumonia on early thrombus formation, as this has previously been shown to approximate the time of early stable thrombus formation in murine VT [15] . Klebsiella infection resulted in thrombi 3-fold larger than in saline controls ( fig. 3 c, d ). To measure the early systemic immune response to VT and pneumonia, we quantified CAM expression at 2 h following thrombosis. Circulating levels of measured CAMs were 1.6-to 3.6-fold elevated in Klebsiella pneumonia mice compared to saline controls, with significantly higher levels of plasma sP-sel, sE-sel, sICAM-1 and sVCAM-1 following VT ( fig. 4 a-d) . The vein wall demonstrated no change in P-sel ( fig. 4 e) in response to VT, but there were similar elevations in E-sel, ICAM-1 and VCAM-1 ( fig. 4 f-h ).
Venous Thrombi Formed under Conditions of Pneumonia Have Altered Composition
As a measure of systemic thrombotic response, we found that circulating TAT complex levels in Klebsiellatreated mice were increased compared to in controls ( fig. 5 a) prethrombosis. Postthrombosis, RBC content makes up a significant mass of early VT (<48 h) in the stasis VT model [25] . RBC content was elevated by 30% in thrombus lysate of Klebsiella-treated mice compared to controls (p < 0.01, fig. 5 b) . Markers of PMN-mediated thrombosis were quantified by Western blotting for cathepsin G, citrullinated (cit)-H 3 , and TFPI [15, 31] . Klebsiella-infected mice demonstrated 1.5-fold elevation in Mice were treated with saline or K. pneumoniae and harvested at 2 h postthrombosis. Additional K. pneumoniae-inoculated mice were treated with inhibitors to P/E-sel or ICAM-1 i.t. Klebsiella-infected mice formed larger thrombi compared to salinetreated mice (n = 11, p < 0.001). A nonsignificant decrease of 12% in average thrombus weight was seen in the P/E-sel inhibited Klebsiella-inoculated mice (p < 0.05 compared to saline, n = 10-11). Disruption of ICAM-1/LFA interactions resulted in a significantly smaller thrombus weight (n = 7-11, p < 0.05). * p ≤ 0.05; * * * p ≤ 0.001. thrombus cit-H 3 compared to saline controls (p = 0.045, fig. 5 c) . Levels of TFPI and cathepsin G in thrombus lysates were not significantly different in Klebsiella-infected mice and saline controls (data not shown). Thrombus fibrin was nonsignificantly elevated by 33% in the setting of pneumonia compared to controls ( fig. 5 d) .
Inhibition of CAMs Attenuates Thrombotic Response to Pneumonia-Associated VT
To determine whether the elevations in CAMs were merely associated with the acute infectious process of pneumonia or played a causal role in the amplified thrombogenesis seen in these animals, the mice were treated with inhibitors to CAMs ( fig. 6 ). Both inhibitors were administered prior to and at the time of induction of thrombosis. Combined P/E-sel inhibition resulted in a modest, nonsignificant decrease in thrombus size. However, ICAM-1 inhibition resulted in a significant decrease of 37% in average thrombus weight (p < 0.05).
Discussion
Pneumonia is amongst the most frequently diagnosed conditions worldwide and a major cause of death [32] . Pneumonia confers a major risk for VTE development with associated morbidity and mortality [33] . Current VTE prophylaxis regimens may be ineffective at preventing VTE formed under these conditions and thus an improved understanding of the underpinning molecular mechanisms is necessary [34] . With a series of experiments, examining for the first time large-vein-wall response to Gram-negative pneumonia and VT formed under conditions of pneumonia, we demonstrate that upregulation in deep-vein-wall CAMs is elevated with lung inflammation secondary to Gram-negative infection but not under conditions of sterile lung inflammation from mechanical lung injury. Secondly, Gram-negative pneumonia amplified VT and circulating CAMs compared to saline controls. Thirdly, thrombi formed during Gramnegative pneumonia had an altered composition, including a greater proportion of RBCs and extracellular cit-H 3 .
VTE remains a difficult problem to study experimentally as, despite being a common source of morbidity and mortality in humans, no other animal spontaneously develops pathological VT. While a strong human clinical correlation exists between pneumonia and VT, to date, there is no relevant murine data to suggest if mice develop remote spontaneous venous thrombi with models of pneumonia or LC. In our experience, using these models for over a decade, it is clear that these animals do not have IVC thrombi, as we typically transect the IVC at the time of sacrifice and have not observed any large clots. Locally, increased fibrin deposition occurs within the lungs, consistent with enhanced pulmonary coagulation [35] . This particular combination of well-established mouse models, Klebsiella pneumonia and stasis VT represents a unique utilization of team science to approach a frequent and morbid clinical scenario.
The CAMs P-sel, E-sel and ICAM-1 are well-established mediators of VT as demonstrated by the protection of mice lacking P-sel or E-sel or those treated with ICAM-1 antibody from VT [5, 8, 15] . Multiple human studies have validated P-sel as a reliable marker for the development of VT [36] . Similarly, elevated sICAM-1 levels in patients with VT have been associated with recurrent VT and postthrombotic syndrome [37, 38] . Currently, a dual E-sel and P-sel inhibitor is in clinical trials for the treatment of human deep-vein thrombosis (DVT) (NCT02271113). Besides VT, these CAMs have been found to be elevated in humans with endotoxemia [39] and in murine models of infections such as cecal ligation and puncture [40] [41] [42] . Similarly, inhibition of leukocyte interactions via disruption of CAM interactions has been shown to decrease cytokine storm and lethality in a mouse model of cecal ligation and puncture [43] .
We show that plasma CAMs sP-sel and sICAM-1 are elevated in the setting of pneumonia, peaking at 24 h after insult. Interestingly, the vein-wall content of both CAMs was depressed at this time point. Under conditions of thrombosis, exposure of endothelial cells to thrombin results in endothelial activation, with exocytosis of P-sel containing Weibel-Palade bodies and increased surface expression of CAMS [44] . It is feasible that the immediate translocation of Weibel-Palade bodies results in depleted vein-wall stores of P-sel as seen in our pneumonia model. Inflammatory stimuli such as thrombin, leukotrienes and histamine induce the rapid translocation of Weibel-Palade bodies to the surface of endothelial cells, translocating P-sel to the surface. In addition, thrombin-activated platelets release P-sel to the surface. We also discovered that, in the absence of thrombosis, pneumonia-treated mice had elevated circulating TAT complex, perhaps from microvascular thrombosis in the pulmonary circulation [45] . This raises the possibility that distant microvascular thrombosis may promote a systemic prothrombotic environment, which may underlie what is observed in humans with pneumonia-related VTE. We have previously shown in Delta cytoplasmic tail (^CT) mice, which exhibit high levels of circulating sP-sel with no difference in vein-wall P-sel compared to WT, that VT is amplified [46] . This suggests that circulating CAMs, likely via microparticle-mediated interactions, may induce or amplify thrombosis independent of vein-wall CAMs.
Following induction of VT, mice treated with K. pneumoniae had an exaggerated thrombotic response, characterized by global elevation of nearly all circulating and vein-wall CAMs, and erythrocyte-rich thrombi nearly 3 times the size of those in the saline-treated mice. Activation of the Factor XIII-fibrinogen axis is a factor in VT formation, entrapping erythrocytes and forming larger thrombi [25] . Previous experiments have demonstrated that selectin deficiency results in decreased fibrin deposition in murine VT [47] . Conversely, an amplified selectin response such as that demonstrated in the pneumonia model-thrombosed mice would be expected to have augmented the deposition of fibrin and the concurrent trapping of erythrocytes.
Systemic inflammation from a remote infection has been well-described, and multiple studies have shown that remote organ damage is associated with the elevation of CAMs and leukocyte activation [48, 49] . Neutrophils are central to infection responses and VT as well as mediating remote organ injury. Activated PMNs mediate thrombogenic activities through NETs and via elastase and cathepsin G breakdown of TFPI [11, 15, 16] . How dominant a role these mechanisms play is likely dependent on the type of inflammatory insult and the VT model. We found that the NET marker of cit-H 3 was elevated in mice with pneumonia compared to controls, but there was no difference in TFPI. While not directly proving causality for the exaggerated VT response in Klebsiellainfected mice, these experiments suggest that PMNs activated by a remote infection may play a role in modulating the stasis VT response. Recent data demonstrate that PMNs activated by remote infection can re-enter the circulation [50] , and this could explain the increased thrombotic propensity observed in this study.
Several models of DVT exist for study in mice. We chose to use the stasis model as this most reliably produces VT for analysis and is less susceptible to operator technique [23] . Moreover, stasis VT is dependent on CAMs [51] , which were significantly elevated with the pneumonia insult. Disruption of NET-mediated early thrombogenesis does not occur in stasis VT [52] , as is possible in other models such as partial IVC stenosis [16] , making it difficult to ascertain the exact role of NETs in pneumonia-related VT. Though trauma is an independent predictor of subsequent development of VTE, the model of a survivable, spontaneously breathing animal with precise, small-volume LC may not by itself be a robust stimulator of systemic inflammatory response that is required for the development of VTE. We also chose only the early time point due to morbidity and mortality of untreated pneumonia and the timing of peak circulating CAMs. We also study community-acquired MRSA and this may be the subject of further investigation, but the Klebsiella model was used here to reflect high degree of severity of lung disease and our familiarity with the various virulence factors involved in its pathogenicity. It is important to note that the pathogenicity and virulence factors associated with Gram-negative infections are fundamentally different from Gram-positive infections, and so the results of our study should not be generalized to all types of pneumonia.
Translationally, these data suggest the possibility of condition-specific pathways of DVT formation; infection/inflammation may result in differing CAM-leukocyte interactions than in VT formed under conditions such as May-Thurner (stasis), malignancy, device-related VT or VT associated with coagulation abnormalities. Specifically, CAM inhibitor experiments as performed in this paper preliminarily suggest a possible major role for ICAM-1 in the amplified thrombotic response seen with acute Gram-negative pneumonia. While pharmacomechanical VTE prophylaxis is effective, critically ill patients often develop VTE with appropriate thromboprophylaxis [34] . Our experimental data suggest that activation of the vein wall, and possibly PMN activation, plays a role in the mouse model of Gram-negative pneumonia-associated VT and lays the foundation for future studies on differential molecular pathway targets in Gram-negative pneumonia-associated DVT.
